The minisatellite DNA Pc-1 consists of tandem repeats of d(GGCAG). We previously reported that a d (GGCAG), strand folds into an intramolecular quadruplex under physiological conditions and that during replication the progression of DNA polymerase is blocked by the quadruplex in vitro. Therefore, the formation of the quadruplex was supposed to be responsible for the hypermutable features of Pc-1. Then, we have identified proteins that bind to Pc-1, one of which is hnRNP Al. Here, we have demonstrated that hnRNP A1 destroys the quadruplex of Pc-1 on binding and abrogates the arrest of DNA polymerase at the repeat. Thus, hnRNP A1 functions as if it is a chaperon to assist Pc-1 DNA to form the proper folding suitable for replication. We have also found that hnRNP A1 and a related protein, hnRNP D, destroy the quadruplex of telomere DNA, which suggests the involvement of these proteins in telomere maintenance as DNA chaperons.
INTRODUCTION
Minisatellites are arrays of 5-to 100-bp repeats widely dispersed in eukaryotic genomes. Some of them have been suggested to be related to genetic predisposition to various human diseases. The minisatellite Pc-1 consists of tandem repeats of d(GGCAG). The mutation rate of Pc-1 is very high. We previously reported the quadruplex formation of a d(GGCAG), strand and pausing of DNA polymerase by the quadruplex during replication. Therefore, the formation of the quadruplex was supposed to be responsible for the hypermutable features of Pc-1 and other minisatellites with similar repetitive units (1).
Then, we have identified several proteins that bind to Pc-1, one of which is an hnR" A1 protein. Here, we report the effect of binding of hnRNP AI on the quadruplex structure of Pc-1 and pausing of DNA polymerase. We have found hnRNP A1 can be regarded as a "DNA chaperon" (2) . It has also been suggested that hnRNP A1 and related hnRNP D proteins may function as DNA chaperons in telomere maintenance, too (2-4).
RESULTS AND DISCUSSION
Destruction of the quadruplex of Pc-1 on binding ofhnRNPAl Under physiological conditions, d(GGCAG)5 gave a positive CD band at 290-295 nm , which is characteristic of quadruplex. The positive band decreased by the addition of hnRNP A 1 in a concentration-dependent manner (Figure l(a) ). This demonstrates that hnRNP A1 destroys the quadruplex of Pc-1 on binding (2) . Abrogation of pausing of DNA polymerase by hnRNP A1 and a "DNA chaperon" When DNA containing d(GGCAG)12 was used as a template for replication, pausing of DNA polymerase was detected at the repeat in vitro. The pausing was abrogated by the addition of hnRNP A1 in a concentrationdependent manner. The result is understood that hnRNP A1 destroyed the quadruplex at the repeat and that thus the obstacle for the progression of DNA polymerase was eliminated, which resulted in abrogation of pausing. In this case, hnR" A1 hnctions as if it is a chaperon to assist DNA to form the proper folding suitable for DNA replication. Thus, we can regard hnRNP A1 as a "DNA chaperon".
Possible involvement of hnRNP A1 and hnRW D in telomere maintenance as DNA chaperons
Under physiological conditions, d(TTAGGG)4, composed of four telomere DNA repeats, also gave a positive CD band at 290-295 nm. The band decreased by the addition of hnR" A1 (Figure l(b) ), which indicates that hnRNP A 1 can destroy the quadruplex of telomere DNA, too (2). We previously reported that a related protein, hnRNP D, can destroy the quadruplex of telomere DNA (3,4) . Recent genetic and biochemical data indicated that the quadruplex structure inhibits the activity of telomerase and that hnR" AI is required to maintain the length of telomere. Therefore, there is the possibility that the two proteins are involved in maintenance of telomere DNA as DNA chaperons to destroy the wrong folding.
Novel quadruplex structures of GGA triplet repeat DNA As to quadruplex, we would add our recent findings. We have determined the structure of d(GGA)4 under physiological conditions, and founded the formation of an intramolecular parallel quadruplex comprising a G:G:G:G tetrad and a G(:A):G(:A):G(:A):G heptad for the first time (5). Later, a similar architecture to that of the intramolecular parallel quadruplex was found for a telomere DNA in the crystalline state. We have also determined the structure of d(GGA)g under physiological conditions. Two intramolecular parallel quadruplexes are formed in d(GGA)8. These quadruplexes are packed in a tail-to-tail manner. This is the first demonstration of the intramolecular higher-order packing of quadruplexes at atomic resolution (6). The elucidated structures suggest the mechanisms underlying the biological events related to the GGA triplet repeat (7).
